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An MPP hydrocode to study
laser-plasma interactions

C. H. Still, R. L. Berger, A. B. Langdon,
E. A. Williams, L. J. Suter, and S. H. Langer
Lawrence Livermore National Laboratory

Because Dthe increasel sizz and powe inherert in a laser-AGK on NIF, laser-plasma
interactions (LPI) observed in NOVA AGEX play an increasingly imporaie. The process
by which filamentation and stimulated backsaatjeow is complex Furthermore, thee is a

competition amorg the instabilities so that lessening oa can increase another Therefore,
simulatirg them is an integral part © successfuexperimentson NIF. In this paper, we

present a massively parallel hydrocodesimulae laser-plasna interactiors in NIF-relevant
AGEX regimes. (U)
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Introduction

In an era withou underground testingthe Stockpile Stewardship Program mustly
increasingy upon both above-groundxperiments (AGEX) and computsimulations. This
reliance has manifested itself iretfunding of large projectsuch aghe National Ignition Facility
(NIF) and theAccelerated Strategi€omputing Initiatie (ASCI). While ASCI providesthe
funding to accelerate development of the advancedsctld to calculae weapons simulations,
NIF will provide AGEX data which cangousal both to further understandig of weapos effects
and to validate the ASCI codes.

Already there have beennamber of laser-AGEX performed on NOVA,daas the physical
size of the plasma in a hohlraum becomes larger oeagitle increass to obtan highe radiation
temperatureshe effectsof laser-plasma interactisr{LPI) become morémportant. The primary
laser-plasma instabilities are filamentation and stimulated backscatter. Wherpatsss through
a plasmathe ponderomotive light force will expel plasma creatowl densitydepressionsard
thereby increasing the Idceefractive index The increased refraction concentrates the light into a
smallervolume, thusincreasing thdocal laser intensity. Ithe locd energy intensity exceeds a
threshold,the self-focusing becomes unstable dildmentationresults In addition,a density
fluctuation can reflect a portion of the laser tigila Thomson scattering. Whehat backscattered
light beats wih the incoming wave, it can stimulate amstability. If the density fluctuatioms an
ion acousticwave the instabilityis stimulated Brillouin scattegn(SBS) If insteadit is a
Langmur wave then stimulated Raman scatteri(@RS) results. The growth rate for SBS is
larger tharfor filamentation, but ta growth ratefor SRS is even larger, byalmost an ordeof
magnitude.

Each of these instabilities significantly affects the amowhtenergy deliveredat the
destination, the spectrum of that energy, and the locatidelwery. Spatial beansmoothing by
random phase plates (RPP) or kineform phase plates (KPP), temporal beam smygapetiral
dispersion (SSD), or polarization smoothing (PS) can eethe severityof these instabilities, but
the amount of smoothing needed depends on the plasma condHiighg radiation temperatures
rely on higher intensities, and higher intensities increase insyagidgwth rates For a fixed
growth rate, longer path lengths lead to more severe instabilities once the threshold is exceeded.

Understanding plasma effects, from the simpler phenomenon rof deféection to mudc more
complicatel issues sut as the interplay among filamentatio(self-focusing instability and
stimulated Brillouin and Raman backscattering (SBS and SRS), will be elssentida to design

1



NECDC October 1998

some stockpile-relevant AGEX experimentsNIF. To this end, we are striving to develop a
predictive capability for LPI.

Over thepast severagyears oneof the man tools for studyinglaser-plasma interactiortsas
been the (serial\wave-hydrocode F3DIt couples a paraxial wavesolver to an Eulerian
hydrodynamics package and includes medel various NOVA bean configurations, ard
physical processes suck 8BS and SRS Simulations done with F3D routinelyse 2 @ of
memory and can run for hundreds of hours for a plasma volume thathissmatte than a single
NOVA beam (10Qum x 100um x 1 mm for the F3D simulatisrcomparé to 500 pm x 500 pum
x 1 mm). A NIF beam is significantly langthan a NOVA beam. The increased scafeundin a
NIF beam provides ample gain length owdich laser-plasra instabilities can grow, much larger
path lengths than are presentNOVA experiments. Hothis reason the need to modehe
instabilities and perform numerical experiments becoessential, ah thes calculations are not
tractablewithout a massivelyparallé processor (MPP) To overcome this limitationywe have
begun development of a parallel F3D code (pF3d).

At present, pF3d operates as a domain-decomposed, distributed-menigpMieationon a
regular 3D Cartesian grid. The code includésonlineaj Eulerian hydrodynamics package (with
a linearized modefor nonlocal electron héaconduction) coupled ta paraxial wavesolver (the
equation is enveloped intime and in the laser-propagatiodirection). Electron density
perturbations that refract and focus the laser light are driven by the pondeediomataand by the
electran pressure nonuniformity causeg the absorption othe lasedight. Models are included
for spatial smoothing by randophase plategRPB and for temporal smoothing by spectral
dispersion (SSD).

In this paper, we will report on the algorithms used ey@h3d code and present results from
filamentation simulations performed on the ASCI Blue TR machine at Livermore.

Filamentation Equations

pF3d B a parallel 3-Dhydrocoae in Cartesian geometry designed dimulate laser-plasma
interactions. At present pF3d can simulate filamentation dnplasnma effecs such asbeam
deflection. Inthe future, we will include modelsfor SBS and SRS pF3d couplesa paraxial
solution of the wave equation to a nonlinear Eutengdrodynamis packa@ and includes models
for laser beams witlKkPP, RRP ard SSD.  For a filamentation simulation the light propagates
across the enrmes during each timestep,and thehydrodynamics thehascontrol of the time
step sizgAt) based on satisfying Courant conditionThus during each timecycle, the lightis
advancd acros the computationainesh and tha the hydrodynamics equatiorsre advanced a
time step Inclusion ofthe SBS and SRS models necessitate resolgithe light transit andhe
instability growth time so that thealgorithm changes to propagate the light one pkuaxially per
time step The simulatiorbox isaligned along the propagating lageam to modeexperiments
done in gas bags or hohlraums (see Figure 1); laser-AGEX are generally done inside hohlraums.
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Simulation box inside gasbag Simulation box inside hohlraum
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Figure 1. The simulation box sits inside a gas bag or a hohlraum

Because in filamentation the frequerwy ard wavenumbe k, of the incident light are only
slightly perturbed, arenvelope approximation itime and space is reasonableThe resulting
paraxial wave equation is

0 ic? dv, 0O i
(?+Vgi_|c Dé+l—g+VHE:—4mI&TQE (1)
% 0z 2w, 2 dz 2w,m,

2
where D? = _2k0n is the modified diffraction operator due to tFaid Fled (1988),

k0+\/k§+D2D

2
v, = Ck, is the group velocity of #hincidert light, v is the collisional amplitude-absorptioate,
0
on, is the perturbatiorof the electron number density dafe is the (complex)electric field.
Solution ofthe paraxial equatiofl) is achievel by splitting the equation into threearts and
solving eat separately. The three resulting equations represent the phygicatesses of
refraction, diffraction and propagation, and absorption, respectively:

.
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The light advance is handled by a splitting technique: the refraction equation (2) is adyahaléd b
a cellAz/2, then the diffraction equation (3) is advanced a full Atz and the refraction equation
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(2) is advanced the fin&iz/2. Finally the absorption (4) icomputel for the entire timestep At.
The refraction step is derusirg finite differences, andhe diffraction andabsorptio calculations
are done using spectral methods (and hence involve a series of 2-D FFTs).

The Eulerian hydrodynamics equations are as follows. The continuity equation is

7]
Ep+D-(vp):0 (5)
where p = 2‘& = Aﬂ is themass densityand v is the fluidvelocity. Notethat we assume
nC nC
quasi-neutrality of the plasam, = Zn.. The momentum equation is
0 0 0 J .,
a5 O8] 0 Qg Pr g Rtps 920 ©

] I ]

whereS = pv is the momentum density, P is the ion pressures fhe electropressure¢ is the
ponderomotie force due to thdéight, andQ is an artificialviscosity. The ion energy equatias
written in a form where io pressure ishe fundamental quantifyising the idealgas equationof

3 3
state,— P =—nT = pe
5P =3 PE]

g%P+D-(VP)§+PD-V+Q:Dv=O. (7)
Finally, the electron energy equation is written in the linearized form
%Ne+6rem-v=—m-6qe+d4e (8)

where dq, represerst nonloca thermal conductionand H, is a heatsource from inverse
Bremsstrahlung absorption. The hydrodynamics update is done by opeldting the equations
and applying finite differenceolutions, exceptfor the calculationof the nonlocal electro heat
conduction which is done ikspace The advection terms are handleda 2nd orde van Leer
scheme. The additional terms of the momentum and energy equations are handled igdisetuall
Still et al, 1996) The boundary conditionsare periodic in th directiors transverse tathe
propagatig laser For the ca® tha the simulation volumes smaller thara lase beam, this is
consistent withthe idea thasurroundirg the simulatiorbox in the transverse directiorare other
equivalent piecesf the beam In the case that the simulatidox is larger than thébeam,the
simulation size should be chosen to make the distance from the bean(itartsversgboundaries
as largeas possible Linearizing the electron energy equation justified sine the electron
temperature perturbations teto be small, butotherwise the nonlinear terms are needed because
of the strong ponderomotive devrom lases with high intensiy (typically found in laser-AGEX
such as high temperature hohlraums).

MPP Performance

The computatiolameshis decomposed into rectangudmmains,partitioning overthe two
directiors transverse to laser propagation, but notrdiie axialdirection. The reason fornct
dividing the problen axially is that for the filamentation calculation tressumption ofight transit
in a single time sfeserializes the propagatio calculation In the future, the additionof SBS ard
SRS models will require changing the propagation algorithm, anddoasan decompositia will
be included. The electric field does not require any guard cells, but there is oné tayead @ells
for hydrodynamic quantities.
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pF3d uses the MPI form of message passing. The majbrityeacommunicationsost occurs
in updating the guard cells withinglmydrodynami advanceand within the FFT usel during the
light advance Messag passig time used during diagnostics, plotting, and dungpiestart files
are minimalby comparison The hydrodynamicguard cel updates are performed ahift
operations within the contexrf individual row and column communicators (see Fig@je This
paradigm performs well, as shown below.

Send Left Send Right Send Up Send Down

vy
1@ «@ <« > Qr @»
<@ €@ « > Qe @

o0

o0
<@ «@®
<@ «@®

A A

Figure 2. Communication pattern for hydrodynamics guard cell updates

The numbeiof messageto updatea hydrodynamics quantity is O(2P+2Gr a PxQ processor
grid. The length of the messages depends on which hydrodynamics quantity is being updated.

The paralle 2-D FFT routine usesan index operatiorfor its communication.Eadt processor
gathers the columns of the data to be transformed from within its processor column aegmis
1-D FFT anl scattes the data backut to theprocessor column. Thethe processor transposes
its locd copy of the dataand repeats th@revious operation, but forows d dag within a
processor row. After the scatter back throughout the row, thesdatally transposd once more
to produce th local image infrequeny space The inverseparallé FFT is done byinverting the
algorithm. This implementation of the parallel FFT does not minimize the commumicasity but
it does attempt to maximize cache efficiency of the 1-D FFTs.

In performing scalability testingathe IBM SP/2 wih the multipleuse space communication
capable hardware (MUSPPA), we find the code performs well . The problem sizeakel with
the numbeiof processorso ascertain the effedf the increased communicat®found in larger
problems Figure 3 show curves of runtime versts totd number ofprocessors fothe cases
where either one processor pwde was used, owhete all four process@ per node wereised,
and for both the faster user-space communications paradigm or the slower internet:phottheol
case of singl processp pe noce use with the faster communicatiomaode, scalabiliiy was quite
good, les than 5% degradation. For the multiprocessor penode case with user-space
communications, degradation approath&% . For the internet-protocol communicationases,
the degradation is 12% for single processor runs and 36% for the multiprocessor runs.
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pF3d Scalability
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Figure 3. Scalability of the pF3d code on the IBM SP/2

Developing a parallel hydrocode, regardless of efficiency, would have been insufficient wighou
accompanying improvements MPP computers. In ordéo simulate the plasma voluna an
entire NIF beam (70Qm x 700um x 2.5 mm), computations muse carried outon a 900 um X
900 um x 2.5 mm grid with 5.9 billion zones(total problem sizdor filamentationis 328 (B of
memory). Currently, we have defilamentation simulationsvith the first dimension reduced by
a factor of 16 becaaf memoy limitations the reducel problan has 367million zones andtan
complete 1ps of simulation in about ahour on 64 nodeof the ASCI Blue Pacificmachinea
LLNL. In thegraph below (Figurd), we shov how the run times for a 250 s filamentation
simulation anda 50 ps LPI simulation includingSBS physis on the 5.9 billion zone problem
would have changed oveéhe past fewyears,if the calculation could have beewone The
extrapolations in previous years are made by scaling the performance of the 8edatlE3 o the
pF3d code from simulations on other sized probleiiitse extrapolations in futurgearsare made
by scaling current performand® reasonable expectations (and tioretical peak performance)
of follow-on ASCI machines.
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Figure 4. pF3d extends simulation capabilities to plasma volumes
approaching a NIF beam

NIF-Relevant Simulations

The simplest laser-plasma interaction relevantNté experimentsis beamdeflection. A
flowing plasma will developa density gradientni the directionof the flow. Laser energy will
refract off of the density gradient deflecting the path of thenbeahe direction of the flow. This
phenomenon hadseen seen experimentally,cacan be modeled in simulatiosee Youg et al,
1998) Beam deflections important inlaser-AGEX particularly near the laser entrance hole
wher the plasmédlow is strongestbecausat can cause the laser miss the intendedmpact
point, thereby depositing laser energyunintended locations within éthohlraum We will not
address beam deflection here.

Stimulated Brillouin backscatt¢6BS and stimulated Raman backscafteRS actto reduce
the amount of eneygin the laser Whereas filamentatiors a resultof a self-focusing instability,
stimulated backscatteesults froma resonaninteractionof the incident lightwave witheither an
ion acoustic wavéSBS) o a Langmuir wave(SRS) Both SBS ard SRS are important, andn
particular, SBS has been shown experimentallyetoriportart in the regionof gold blowoff near
the hohlraumwall. These instabilities are not yet includedpiR3d, ® we will instead focus on
filamentation.

Rather than model filamentation effects in any spe@&f6EX, we choo® to study a generic
high temperature hohlraum (HTH) design that is NIF-relevant. Using a 3/4-scald RGhkaum
andf/8 RPP beams wWitNIF power, we model the interactioof one of the RPP beams withthe
gold blowoff from the hohlraum wall. The average initial laser intensity at the &ddhe /8 lens
is 10° W/cn? with a wavelength oA, = 351 nm, and hasa 10 psrise time. The plasma sizés
taken to bel12 um x 112 ym x 181 um, startirg 231 um inside the laseentrane hole (LEH)
wherethe laselis focused The beamis shaped sdhat it fills roughly 75% ofthe box in the
transverse directions. Usimdasna parameters froma LASNEX simulationat 500 s into the
laser pulse, we take the initial degsit/n, to be a ramp from 2% to 20over the first 80 um and
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then constanat 20% for the rest ofthe plasmdength. The electron and ion temperatuias
roughly uniform over the region, so we ¢ak, = 20 keV andl, = 10 keV.

The figurebelow (Figure 5)showsan axial slicethrouch the centerof the beamand the
correspondig slice through the plasma. These images are taken af88 ps of simulatian time.
Durirr:? this timethe bearrhas focusednto hot spots wih a peak energy intensitgf 3 x 10’
Wi/cny. The largerof the hotspots has dugchannel (the density perturbation approximately
30% fromthe walls of the channel to the centef the channel). As the channelgrows, it
contributes to the self-focugjrof the beam: the lightefracts offthe walls of the channel intdhe

density trough.

Energy Intensity Density

Z (um)

50

0.058187

0 20

0

Y (um) Y (um)

Figure 5. Slice through the center of the box showing the energy intensity
of the beam and the channel developing in the plasma

As shown in the previous figure (Figure 5), acoustic waves form at the fromst iojpagating
beam The® waves are drivenby the ponderomotive force and traavay radiallyat the ion
acoustic velocity. They induce a temporal smoothing of the laser beam by the pladistating
density channels as the channels begin to form. On the left of the next figure (Figargh@)wa
slice throudh the density halfwaylown the axis of propagation takeat the samdime (+38 ps).
Note the visible rings of thion acoustt waves emanatig from the centelof the densig channel.
On the right halfof the figureis the densityat the transmissia plane (near the hohlraumall).
The superposition othe acoustiovaves preventshe light from focusing as strongly anthe
density depressiorae lessthan thoset the mid-plane. Specificallythe lowest density orthe
transmission plane is just under®1d, representing 10% perturbation fronthe initial state(0.2
ny); however, the mid-plane shows depgierturbatios of up to 30% from its initial state (alow
of 0.13 n out of approximately 0.19nindicative of strong self-focussing.
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Figure 6. Transverse slices of the density at halfway through the plasma
volume and at the end of the box

With the plasma-inducke smoothing andthe shorter path lengtltof a 3/4-scaé NOVA
hohlraum filamentationis expected toelow. In the figue below (Figure7), we comparethe
energy intensityat the incident andransmission planes Note that the peak intensitieare
comparat@ around 6 x10' W/cn¥), but that the transmitted lighéxhibits much finer scale
structure. The fine scale structure is caused by breakup of thehatgpos due to filamentation.
Since the path lengtis relativey short the bearmrhas not spread appreciabllso importantto
note is the fact that almost all of the transmitted energy remains inside tharsanspot found on
the incidentplane. The fine scale structureshows that energy is being transferred to higher
wavenumbers, but the path length is short enough that theyeserg being sprayel out to large
angles.

Incident Energy Intensity Transmitted Energy Intensity
6.0664
65 x1016

Y (Mm)

-40 -20 0 20 40 -40 -20 0 20 40

X (um) X (um)

Figure 7. Comparison of the energy intensity of the incident and
transmitted light

For this example filamentationis fairly benign,and the laseenery remairs collimated If the
hohlraun was larger leading toa longer laser path and possiby much lower electron
temperaturgbean spreading wouldikely be muchhigher,and filamentation moreevere Even
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thoudh filamentationis low, SBS could be expected to be mameportant, emphasizinthe need
for incorporating the SBS and SRS models into pF3d.

Conclusions and Future Work

In the larger scale and higher power experiments to be fielded on NIF, lasea-plashilities
will play a very importantole. Increased path lengths give instabilities with even moelgeah
rates much more opportunitp grow, and the severity increasevith laser intensity. The
complexity of the interaction and competition among filamentasittmulatel Brillouin backscatter
and stimulated Raman backscatter coupledi thie critical role they pla make LPI modeling an
essential element in fielding successful experiments on Ntiwever the same larger scalésat
make thel Pl effects more dramatialso serve tanalke their simulation much mordifficult. A
serial code, or even an SMP cod@dt sufficient Thus, wehave begun developirgmassively
parallel LPI hydrocode, pF3d.

Using pF3d, we can model filamentatiorddoream deflection ilNIF-relevant plasma volumes
and include tb simulation results inthe AGEX designprocess SBS ard SRS models are
included in the serial code F3D and currenthder developmerfor the MPP code and will be
included in future AGEX LPI modeling efforts.

Ray-tracing-based model§ lase beans can accuratef transpot the laserenergy,but cannot
resolve thewave interactions necessaryrmdel LPI. Wave-basé calculations can resolviePI
and accuratgltranspor the laserenergy,but the size and runtienassociaté with a single-beam
simulation sugges that an integratechohlraum calculation includgn wave-based models is
intractable in the near future. By studying laser-plasma interacti@sxped to develg reduced
descriptions of physics drthereby improve theay-based models In the meantimgwe will
continue striving to develop a predictive capability for LPI.
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